Hubbard ML, Henriquez CS. A microstructural model of reentry arising from focal breakthrough at sites of source-load mismatch in a central region of slow conduction. Am J Physiol Heart Circ Physiol 306: H1341-H1352, 2014. First published March 7, 2014; doi:10.1152/ajpheart.00385.2013.-Regions of cardiac tissue that have a combination of focal activity and poor, heterogeneous gap junction coupling are often considered to be arrhythmogenic; however, the relationship between the properties of the cardiac microstructure and patterns of abnormal propagation is not well understood. The objective of this study was to investigate the effect of microstructure on the initiation of reentry from focal stimulation inside a poorly coupled region embedded in more wellcoupled tissue. Two-dimensional discrete computer models of ventricular monolayers (1 ϫ 1 cm) were randomly generated to represent heterogeneity in the cardiac microstructure. A small, central poorly coupled patch (0.40 ϫ 0.40 cm) was introduced to represent the site of focal activity. Simulated unipolar electrogram recordings were computed at various points in the tissue. As the gap conductance of the patch decreased, conduction slowed and became increasingly complex, marked by fractionated electrograms with reduced amplitude. Near the limit of conduction block, isolated breakthrough sites occurred at single cells along the patch boundary and were marked by long cell-to-cell delays and negative deflections on electrogram recordings. The strongest determinant of the site of wavefront breakthrough was the connectivity of the brick wall architecture, which enabled current flow through small regions of overlapping cells to drive propagation into the well-coupled zone. In conclusion, breakthroughs at the size scale of a single cell can occur at the boundary of source-load mismatch allowing focal activations from slow conducting regions to produce reentry. These breakthrough regions, identifiable by distinct asymmetric, reduced amplitude electrograms, are sensitive to tissue architecture and may be targets for ablation. focal activity; source-load mismatch; cardiac reentry; gap junction uncoupling; unipolar electrogram recording PATHOLOGICAL CHANGES, such as decreased expression of connexin43 and high levels of fibrosis, create regions of slow conduction that can facilitate arrhythmogenesis in the heart (13, 26, 33) . In regions of slow conduction, gap junction uncoupling reduces electrical load, making it easier for focal (ectopic) beats to form while at the same time increasing the likelihood of tortuous, "zig-zag" conduction and unidirectional conduction block, two major mechanisms underlying reentry in diseased cardiac tissue (8, 20, 35, 40) . In particular, the boundary between poorly coupled diseased tissue and wellcoupled healthy tissue has been identified as a critical region of high source-load mismatch, and a number of experimental studies (11, 32, 34, 41) have been used to understand how the interplay between focal activations and the underlying tissue structure of the diseased region affects the development of complex patterns of wavefront propagation. In one in vitro study, Arutunyan et al. (2) used a tissue engineering approach to create a small poorly coupled region that was surrounded by a larger, well-coupled quiescent region. They found that regions with low, heterogeneous coupling, which they called the ectopic nexus, support spontaneous activity and that spatiotemporal variations in coupling at the boundary between wellcoupled and poorly coupled tissue can strongly influence the dynamics of propagating beats (1, 2, 32). Other studies (3, 23) in patterned cardiac cell monolayers with a region of slow or zig-zag conduction have shown that intrinsic heterogeneities in microscale tissue structure at the boundary of the central zone can be unmasked by loading effects during rapid pacing, leading to unidirectional conduction block and spiral wave formation. These in vitro studies are consistent with recent microstructural modeling studies demonstrating that in critical regimes near the onset of conduction block, microscopic variations in source-load mismatch at the boundary between well-coupled and poorly coupled regions can facilitate the escape of focal wavefronts that may increase the likelihood of reentry (16).
PATHOLOGICAL CHANGES, such as decreased expression of connexin43 and high levels of fibrosis, create regions of slow conduction that can facilitate arrhythmogenesis in the heart (13, 26, 33) . In regions of slow conduction, gap junction uncoupling reduces electrical load, making it easier for focal (ectopic) beats to form while at the same time increasing the likelihood of tortuous, "zig-zag" conduction and unidirectional conduction block, two major mechanisms underlying reentry in diseased cardiac tissue (8, 20, 35, 40) . In particular, the boundary between poorly coupled diseased tissue and wellcoupled healthy tissue has been identified as a critical region of high source-load mismatch, and a number of experimental studies (11, 32, 34, 41) have been used to understand how the interplay between focal activations and the underlying tissue structure of the diseased region affects the development of complex patterns of wavefront propagation. In one in vitro study, Arutunyan et al. (2) used a tissue engineering approach to create a small poorly coupled region that was surrounded by a larger, well-coupled quiescent region. They found that regions with low, heterogeneous coupling, which they called the ectopic nexus, support spontaneous activity and that spatiotemporal variations in coupling at the boundary between wellcoupled and poorly coupled tissue can strongly influence the dynamics of propagating beats (1, 2, 32) . Other studies (3, 23) in patterned cardiac cell monolayers with a region of slow or zig-zag conduction have shown that intrinsic heterogeneities in microscale tissue structure at the boundary of the central zone can be unmasked by loading effects during rapid pacing, leading to unidirectional conduction block and spiral wave formation. These in vitro studies are consistent with recent microstructural modeling studies demonstrating that in critical regimes near the onset of conduction block, microscopic variations in source-load mismatch at the boundary between well-coupled and poorly coupled regions can facilitate the escape of focal wavefronts that may increase the likelihood of reentry (16) .
Because these heterogeneous regions of slow conduction have been viewed as potential triggers of arrhythmia, their identification as possible sites for catheter ablation (24, 28, 42) is important. Unfortunately, the nature of conduction inside and near these regions is tortuous, giving rise to complex fractionated electrograms (CFEs) whose features are a consequence of wavefront collisions, conduction slowing, and wavebreak (9, 22) , making it difficult to determine which area to target. Nonuniform conduction due to the microheterogeneity also makes it difficult to relate the measured electrograms to the underlying activity and thus help elucidate mechanisms. In this study, we use a computer model of a ventricular monolayer to investigate 1) how microstructural variations at the boundary of small patches affect the escape and subsequent dynamics of ectopic activity inside the region and 2) whether the ectopic activity and escape can be identified with extracellular signals. The results show that as the gap junction conductance (g j ) of a poorly coupled region decreases, propagation inside the region initiated from a focal beat becomes increasingly tortuous, marked by smaller and more fractionated electrograms due to wavefront microcollisions in the region. The increasing sourceload mismatch at the boundary magnifies variation in conduction delays across the boundary, and at critical values of g j , complete conduction block can occur everywhere along the boundary except for a single breakthrough site dynamically unmasked at the level of a single cell. These single cell breakthroughs, identifiable by a negative deflection in the electrograms, are shown to be capable of producing reentry. The location of the breakthroughs and the resulting dynamics are very sensitive to small changes in tissue microstructure and electrical properties.
METHODS
We used a two-dimensional discrete monodomain model developed by Hubbard and Henriquez that represents the microstructural tissue structure (16, 17) . Throughout this study, the resistivity within the cell ( i) was set equal to 150 ⍀·cm, and gj was incorporated into the intracellular resistivity as a function of space (4) . Inhomogeneous microstructural models (1 ϫ 1 cm) with a central region of poor coupling (0.40 ϫ 0.40 cm) surrounded by moderately well-coupled tissue (Fig. 1A) were created to investigate the effect of microstructural heterogeneity on the escape of ectopic beats and the initiation of microreentry. The inhomogeneous control tissue models (⌬x ϭ 10 m, ⌬y ϭ 10 m) had no fibrosis and one of the following structures: a regular brick wall structure (Fig. 1B) , a combination uniform and brick wall structure with uniform cell length (Fig. 1C) , a random brick wall structure with random cell lengths (Fig. 1D) , and a completely randomly generated tissue structure with a stairstep jutting pattern along the cell boundaries (Fig. 1E ). In the outer regions of the tissue, all properties were set to nominal values [g j(WC) ϭ 0.10 S]. The poorly coupled central region was created by uniformly decreasing all of the longitudinal and transverse gj values [gj(PC)] in the region over a range from gj ϭ 0.10 S to gj ϭ 0.003 S (21). The lower value of gj was chosen to bring about the onset of complete conduction block similarly to the one-dimensional studies by Shaw and Rudy (36) and Wang and Rudy (41) . In the control tissues described above, gap junctions were distributed uniformly around each cell to mimic the lateralized gap junction patterns observed in diseased tissue. In all tissue models, the average cell length was 100 m and the width was 30 m.
To slow conduction and facilitate sustained reentry, we also created two additional inhomogeneous fibrotic tissue models representing different realizations of the same microstructure statistics (cell shape, size, coupling, fibrosis, etc.; Fig. 1F ). Fibrosis was introduced into both the central region and surrounding tissue by randomly decoupling 40% of the lateral borders (18, 37 ). An interstitial space was introduced into the fibrotic models using a two-dimensional discrete equivalent monodomain approach developed by Hubbard and Henriquez that approximates the bidomain by combining the intracellular and the interstitial properties into a single space to represent the microstructural tissue structure and allows for the computation of both transmembrane and extracellular potentials (15, 16) . The effective interstitial resistivity (Re/fe) was set equal to 0.50 k⍀·cm, with an interstitial volume fraction (fe) equal to 0.10 (4).
The Luo-Rudy dynamic model of guinea pig myocytes was used to calculate the ionic current (27) . A line stimulus was generated in the central region by applying intracellular current pulses along a central vertical line in the central region of the tissue. Point stimuli (representing focal beats) were generated in the inhomogeneous mesh shown in Fig. 1A by applying intracellular current pulses to a 110 node-square area in the center of the tissue at a basic cycle length of 200 ms. All stimuli were 2 ms in duration and ϳ1.5-2 times threshold. Activation times were recorded at the time the membrane voltage initially reached Ϫ40 mV, and recovery times were recorded at the time the membrane voltage returned to Ϫ60 mV. Conduction velocities in the ectopic nexus were calculated by taking a linear regression of the activation times in the entire poorly coupled region. Simulated electrograms were computed from 50 unipolar disc electrodes (0.960-mm diameter) on a rectangular grid located at sites within the poorly coupled region, at the border between the well-coupled and poorly coupled region, and within the well-coupled region, as shown by the white circles in Fig. 1A . The interelectrode distance was 0.50 mm, and the electrode-tissue distance (z) was set to 8.24 m. As in an earlier study by Jacquemet et al. (19) , the Geselowitz formulation was used to compute the electrode potential (10):
where e is the electrode potential measured at point y above the monolayer, Im represents membrane current sources in the monolayer, and dv is the volume element. The transfer function (Z) for a disk electrode of diameter d e is as follows (29):
where r is the distance between a point in the monolayer (x) and the projection of point y onto the monolayer and e is the conductivity of the volume conductor (set equal to 1 ms/cm in this case).
A semi-implicit scheme with a conjugate gradient solver was used to solve the system of equations (6) . The time step (⌬t) was kept constant at 5 s, output data were recorded every 10 s, and data for the activation maps were recorded at a minimum of every 100 s. All simulations used the CardioWave software platform (31) .
RESULTS
Breakthroughs at decreased conductance. In the first part of this study, we tested the response of the random tissue with no fibrosis (Fig. 1E) to a line and point stimulus in the middle of the central region as g j was uniformly reduced over a range between 0.10 to 0.004 S. As g j in the poorly coupled region was decreased, the patterns of propagation observed in activation maps of the inhomogeneous two-dimensional tissue resulting from a line stimulus in the central region fell into three major groups: 1) symmetric propagation for g j Ͼ 0.01 S, 2) heterogeneous wavefront breakthrough for g j between 0.01 and 0.004 S (Fig. 2) , and 3) complete conduction block for g j Ͻ 0.004 S. Figure 2, A,1, B,1, and C,1, shows that near the limit of conduction block (g j between 0.01 and 0.004 S), the number of distinct wavefront breakthroughs decreases. Magnified views of the activation map for the right central breakthrough selected from Fig. 2 are shown in Fig. 3 with action potentials measured along horizontal lines in the tissue. In the schematics of the underlying microstructure, the cells that experience the greatest source-load mismatch are indicated with an asterisk. The measured action potentials near the site of wavefront breakthrough show that the source-load mismatch at individual cells at the boundary between well-coupled and poorly coupled tissue modulates the transition to block as g j decreases. Sites of escape occur at individual connections between cells in a brick wall architecture with staggered overlap between rows of cells (shown with red gap junctions in Fig. 3 ). The staggered overlap between cells provides an alternative route for the current to flow around the single cells that experience the greatest source-load mismatch. As the boundary cell charges the neighboring cells, the action potential at that individual cell displays a long delay and a sharp dip in membrane voltage followed by an increase in membrane voltage once the surrounding cells activate (Fig. 3, A,1 , B,1, and C,1). At sites where conduction initially blocks, the action potential shows a long conduction delay followed by fast activation once the cells are activated by current from the outer well-coupled region (Fig. 3 , A,2, B,2, and C,2). In the last case shown in Fig. 3 , a site of breakthrough ( Fig. 3, A,3 and B, 3) converts to a site of block and is activated by current from the outer region (Fig. 3C,3 ). When the stimulus was changed from a line stimulus to a point stimulus, the wavefront exited at the breakthrough sites that were closest to the origin of the stimulus. For the cases shown in Fig. 2, A,2 , B,2, and C,2, where g j(PC) ϭ 0.01, 0.006, and 0.005 S and g j(WC) ϭ 0.10 S, the ectopic beat was able to break out of the central zone through a small subset of cells at the boundary between the well-coupled and poorly coupled regions. In the case where g j(PC) ϭ 0.005 S, only one wavefront escaped out of the lefthand side of the tissue, indicating that the wavefront direction and shape may play a role in determining wavefront breakthrough (Fig. 2C,2) .
To elucidate the underlying structural heterogeneity associated with the sites of wavefront breakthrough, we compared the inhomogeneous random tissue model with models with more idealized cellular architecture, namely, 1) a regular brick wall model (Fig. 1B) , 2) a combination uniform-brick wall model (Fig. 1C ) in which brick wall regions with the same degree of overlap were interspersed with regions with uniform structure, and 3) a random brick wall model in which the brick wall structures have varying degrees of random overlap. In all models, the central region had gap conductances of g j ϭ 0.006 S.
In the case of the regular brick wall model, the wavefront exited uniformly at the boundary between the poorly coupled region and well-coupled region (Fig. 4A) . The brick wall architecture allowed neighboring rows of cells to contribute additional transverse current to cells that were in an earlier stage of activation (Fig. 5A ). In the combination uniform-brick wall model, the width of the brick wall region was varied from 360 to 960 m and the uniform regions separating the brick wall regions varied from 120 to 150 m in width. In the case of the combination uniform-brick wall model with a single 960-m brick wall section in the center of the poorly coupled region (Fig. 4B) , the wavefront exited from the poorly coupled central regions at two sites located on the boundary of the brick wall section (Fig. 5B) . When the width of the brick wall region was Ͻ960 m, propagation blocked at the boundary between the well-coupled and poorly coupled regions, indicating that there is a critical width of brick wall tissue needed to support conduction in regions with source-load mismatch. Despite the uniformity of the line stimulus, the conduction in the brick wall region was faster than in the uniform section due to cell overlap. In the case of the combination uniform-brick wall model with multiple brick wall regions of different widths (Fig.  4C) , simulations showed that the wavefront exited at two locations where closely spaced brick wall sections spanned a region Ͼ960 m wide (Fig. 5C ). In the random brick wall structure, the wavefront only exited at one site (Fig. 4D ) that was composed of three brick wall regions of tissue that spanned a region ϳ990 m wide. The exit site was concentrated around a single cell located within the middle of the brick wall region (Fig. 5D ). In the completely random case, the wavefront escaped at six sites (Fig. 4E ). Figure 5 , E and F, shows a magnified view of two exit sites selected from Fig. 4 . The exit sites occur at locations with a small amount of brick wall overlap between a poorly coupled cell on the boundary and a neighboring cell in the well-coupled region. Even small amounts of brick wall overlap provide alternate routes to circumvent cells with the highest source load mismatch or to provide additional charge to cells located in the transition zone.
Sustained reentry was not observed in inhomogeneous tissue with a poorly coupled central region because conduction was not slow enough. To explore whether the isolated breakthroughs could produce reentry, fibrosis and an interstitial space were added to both the poorly and well-coupled regions in two different realizations of the random model with g j(PC) ϭ 0.003 S and g j(WC) ϭ 0.10 S (Fig. 1F) . In two separate randomly generated tissues shown in Fig. 6, A,1 and B,1, the ectopic beat was able to break out of the central zone through a small subset of cells at the boundary between the wellcoupled and poorly coupled regions. The voltage maps in Fig.  6 show the initial breakthrough from the poorly coupled regions at t ϭ 110 ms in Fig. 6A,1 and t ϭ 180 ms in Fig. 6A,2 . The longitudinal conduction velocity in the central region was 3.0 cm/s, and the transverse conduction velocity was 0.58 cm/s. Slow transverse conduction caused by fibrosis in the outer region enabled the escaped beat to propagate around the poorly coupled region, reenter into the region from the other side, and then exit through the breakthrough site. Voltage maps of the pattern of reentry in the two meshes at a specific moment in time are shown in Fig. 6, A,2 and B,2 .
The activation maps and voltage traces shown in Fig. 3 indicate that the transition to block at sites of source-load mismatch is highly localized to single cells on the transition boundary. We tested the hypothesis that variations in the conductances of individual gap junctions, g j(PC) , in the transition zone near the site of wavefront breakthrough in the randomly generated tissue structure shown in Fig. 7A,1 would affect the onset of conduction block. Individual conductances were perturbed while all other conductances were kept the same. In Fig. 7 , the poorly coupled region of the tissue is indicated by dark gray gap junctions, the well-coupled region is indicated by light gray gap junctions, and the perturbed gap junction connection at the site of wavefront breakthrough is shown in red. The transition cells that experience the greatest source-load mismatch (Achilles' heels of propagation, as termed by Wang and Rudy) are indicated with a star (41) . As shown in Fig. 7A , when the selected g j was set equal to 0.05 or 0.10 S, cell 5, a current sink, was charged by current from provides an alternate connection between a cell that is a current source in the poorly coupled region and a cell that is a current sink in the neighboring well-coupled region. Similar overlapping cell arrangements that provide alternate gap junction connections between a poorly coupled cell on the transition boundary and a well-coupled cell were also observed at other sites throughout the tissue. Consequently, once the original site of breakthrough was eliminated, two new breakthrough sites were unmasked at other points along the boundary between the poorly coupled and well-coupled regions (Fig. 8, A and B) . The second breakthrough site shown in Fig. 8B resulted in a new pattern of sustained reentry. Simulated electrograms at sites of wavefront breakthrough. Simulated electrograms were computed in well-coupled and poorly coupled regions as g j of the central region was gradually decreased to the point of block. In the control case with no fibrosis and g j ϭ 0.10 s in both the poorly coupled region and surrounding well-coupled region, three large-amplitude deflections (one for each stimulus) were recorded extracellularly (Fig. 9, A,1 and B,1) at the black electrode in Fig. 1A for wavefronts propagating along the longitudinal and transverse axes. When fibrosis was added to the tissue, electrogram fractionation occurred during transverse propagation due to an increase in wavefront collisions (Fig. 9B,2 ). When g j was decreased 10-fold to g j ϭ 0.01 s, positive deflections occurred in the longitudinal direction due to wavefront collisions (Fig. 9A,3) , and the magnitude of electrograms recorded along the transverse direction decreased and remained fractionated (Fig. 9B,3) .
Simulated electrograms were computed at discrete sites in the tissue for the case of wavefront breakthrough and reentry in fibrotic inhomogeneous tissue shown in Fig. 6A,1 , where the locations of the recording electrodes are shown with white circles. Five biphasic deflections were recorded in the wellcoupled region of the tissue after wavefront breakthrough from the poorly coupled region (Fig. 10A) . Three of the deflections were in response to stimuli, whereas the last two deflections were in response to a sustained reentrant wavefront that was facilitated by the site of wavefront breakthrough (shown with an asterisk in Fig. 10 ). Five reduced-amplitude fractionated deflections were measured in the poorly coupled region (Fig.  10B) . Near the site of wavefront breakthrough, the electrograms showed five monophasic negative deflections, an asymmetric pattern commonly observed at stimulus sites or at sites with abrupt decreases in conductivity (Fig. 10C) (7, 19) .
Electrograms were also computed at discrete sites in the tissue for the new case of wavefront breakthrough and reentry shown in Fig. 8, A and B, where the original site of breakthrough was eliminated. The electrogram recordings in the well-coupled tissue showed three deflections, one deflection associated with a stimulus at t ϭ 0 ms, a subsequent breakthrough at t ϭ 380 ms, and wavefront reentry, and two deflections associated with the reentrant wavefront, which broke through at t ϭ 660 ms and t ϭ 850 ms (Fig. 11A) . The first biphasic deflection recorded in the well-coupled region (Fig. 11A) was in response to a wave breakthrough at the bottom right corner of the poorly coupled region at t ϭ 380 ms shown in Fig. 8A . This wavefront was the only stimulated beat to propagate out of the poorly coupled region and reenter. The electrogram recording at the first site of breakthrough ( The magnified inset is the underlying microstructure at the site of escape, and the red gap junction highlights the gap junction connection between a poorly coupled cell (current source) and well-coupled cell (current sink).
moved to a different location after the first escape. As shown in Fig. 8B , the breakthrough site moved to the upper right corner of the poorly coupled region. The electrograms computed at the site of the second breakthrough (Fig. 11C) showed one initial biphasic deflection and two asymmetric downward deflections once the second alternate site became the breakthrough location. The second breakthrough site enabled sustained reentry that contributed to the last two biphasic deflections in the well-coupled region shown in Fig. 11A . The electrogram recordings at the original breakthrough site showed three small biphasic deflections rather than the five large monophasic negative deflections seen previously (Fig.  10C ). In the poorly coupled region, the deflections in the electrograms (Fig. 11E) had reduced amplitude and varied in shape depending on the direction of the propagating wavefront and the timing of wavefront collisions during reentry. 
DISCUSSION
This modeling study using randomly generated tissues demonstrates that cardiac microstructure can influence the escape of focal beats from poorly coupled, fibrotic patches of tissue. Independently of changes in ion channel properties, variations in microstructure at the boundary between the poorly coupled region of cardiac tissue and surrounding tissue that is more well coupled can enable the formation of isolated wavefront breakthroughs that can give rise to sustained reentrant circuits in fibrotic tissue. These cases are an extension of a recent modeling study by Hubbard and Henriquez (16) , which has shown that the border zone between well-coupled and poorly coupled regions of diseased tissue is a critical regime where source-sink mismatch leads to pronounced spatial variability in conduction delays, Na ϩ current, and isolated wavefront breakthrough. The simulations in this report were run at a very small spatial step (dx ϭ10 m) inside the domain to reduce numeric artifacts caused by spatial discretization. We did not run a full convergence study, but studies in one dimension by our group and others have shown that a resolution this fine is sufficient. The localized breakthrough of focal beats at the boundary between well-coupled and poorly coupled regions of tissue is a reproducible phenomena that has been observed using a number of tissue models both in this study and in a previously published study by our laboratory (16) .
Several in vitro studies (23, 38) of spiral wave dynamics of tissue-engineered cardiac monolayers provide additional experimental evidence that in critical regimes near the onset of block caused either by structural properties or rapid pacing, small variations in microstructure create variations in source load that can increase the likelihood of unidirectional conduction block, reentry, and possibly wave breakup. An imagebased three-dimensional modeling study of the structurally heterogeneous infarct border zone by Smaill et al. (34) has also shown that the complex pathways created by strands of viable myocytes (as thin as 1 cell) interspersed with collagen can lead to unidirectional block, prolonged activation, action potentials with a slow rising foot, and, in a few cases, reentry during rapid pacing. The simplified microstructural models used in this study show that variations in the brick wall cell arrangement, a feature not usually included in continuous computer models of cardiac tissue, create local variations in conduction delay and wavefront escape at the boundary between the poorly coupled and well-coupled region. The correlation between the brick wall cell arrangement and local sites of wavefront breakthrough is consistent with a microstructural modeling study (17) in homogeneous tissue that has shown that overlap between rows of cells increases the effective longitudinal conductivity and longitudinal conduction velocity. The local increase in the effective longitudinal conductivity reduces source-load mismatch, enabling wavefront escape to occur at discrete sites with a greater degree of brick wall overlap. The pattern of escape at sites of source-load mismatch can become increasingly complex, including escapes along the transverse boundary and variable responses to premature stimuli given at different basic cycle lengths.
In this microstructural modeling study, the behavior at the transition between conduction and block was very sensitive and could be modulated by changes in g j as small as 0.001 S (Fig. 2) . A previous microstructural modeling study of premature stimulation in aging atrial bundles by Spach et al. (37) has shown that spatial differences in Na ϩ current caused by variations in tissue microstructure near the stimulus site can lead to incremental and decremental propagation and arrhythmogenic responses such as microreentry and lateral shifts in conduction. In both modeling studies and the corresponding experimental studies in aging atrial bundles, the pattern of propagation was extremely sensitive and could be modulated by a change as small as 1 s in the premature stimulus interval (37) . Sensitivity to Na ϩ current near the limit of block may explain why small, random variations in cell arrangement and gap junction coupling in small regions of tissue can alter the onset of conduction block near individual cells along the transition boundary. The onset of wavefront breakthrough may also be sensitive to small changes in repolarizing currents, leading to variations in the pattern of the wavefront breakthrough after multiple beats. We expect that modifying the membrane model would not change the underlying mechanism but would affect the parameters for which conduction block takes place. Additional studies that also incorporate the electrophysiological changes that occur in diseased tissue would be useful for probing the sensitivity of the tissue to changes in Na ϩ , K ϩ , and Ca 2ϩ handling.
The size scale at which the wavefront breakthroughs occur in this study suggests that patterns of propagation created by the underlying microstructure should be considered when targeting regions of abnormal electrical activity using techniques such as cardiac ablation. Current approaches for atrial ablation focus on targeting relatively large regions (i.e., the openings of pulmonary veins) that are known to harbor ectopic activity or on modifying the underlying diseased substrate (5, 12, 30) . More recent clinical and experimental studies have suggested that targeting sites of CFEs may help improve the efficacy of current ablation therapies. A number of underlying passive and active mechanisms can contribute to the formation of CFEs, which can make it difficult to determine which CFE sites actively contribute to arrhythmia initiation and formation (22, 28) . In healthy tissue, electrogram recordings show a positive deflection as the wavefront moves toward the recording electrode and a closely spaced negative deflection as the wavefront moves away from the recording electrode. In diseased tissue, the pattern of propagation as the wavefront approaches the electrode is more complex, leading to electrogram fractionation or electrogram asymmetry. Negative asymmetric electrograms are correlated with excitation onset, where the wavefront only moves away from the electrode, whereas positive asymmetric electrograms are correlated with excitation termination, where the wavefront only moves toward the electrode (7). This modeling study of heterogenous tissue demonstrates that 1) structural heterogeneity in the border zone between well-coupled and poorly coupled tissue may actively facilitate the formation of reentrant circuits and 2) electrogram asymmetry, particularly a single negative deflection, combined with small, fractionated signals may be reliable indicator for locating the dynamic microscopic sites of wavefront breakthrough that lead to microreentry. This "S wave" electrogram morphology (negative deflection) has been observed clinically at recording sites in the arrhythmogenic pulmonary veins and at a site of ectopic activation and breakthrough (14, 25) . In a recent three-dimensional computational study (39) of a human atrial model with fiber orientation, electrode recordings using surface electrodes have shown negative deflections at the macroscopic level near sites of ectopic foci. Monophasic negative deflections have also been observed in computational studies (7, 19) at stimulus sites, at boundary collisions, and at sites of abrupt changes in conductivity, all instances in which source current is greater than load current at the electrode recording site. In this study, the negative deflections at the site of escape from the poorly coupled region are primarily attributed to abrupt changes in coupling; however, changes in source-load mismatch caused by a transition from a narrow isthmus of surviving cells to a larger mass of healthy tissue may also lead to changes in electrogram shape recorded at the boundary between poorly coupled and well-coupled tissue. Comprehensive studies that combine realistic microstructural computer models with patterned cultures of cardiomyocytes may be a valuable resource for understanding the link between cardiac microstructure, abnormal propagation, and features of electrograms observed in experimental studies of diseased tissue (18, 19) .
The findings in this study were based on a two-dimensional computer model while the initiation and propagation of ectopic foci occur in a three-dimensional structure with increased variations in cell arrangement as well as in g j and distribution. In three dimensions, the propagation of buried ectopic sources is more complex, and the increase in the number of cell-to-cell connections may lead to an increase in the number of wavefront breakthroughs, making it more difficult to localize the exact placement of wavefront breakthrough, particularly if the tissue is fibrotic. Additional experimental and computational studies investigating the role of electrode size and placement in locating the site of wavefront breakthrough may lead to more efficient ways to characterize electrogram morphology in multiple dimensions (18) . The ectopic beats in this study were simulated using a point stimulus rather than changing the underlying ionic currents of a group of cells in the ectopic nexus. Simulating ectopic activity and reentry using a spontaneous source would require a greater critical mass of cells and a larger overall tissue size; however, the dynamics of sourceload mismatch at the boundary between the poorly coupled and well-coupled regions of the tissue would be similar to that observed in this study. The focal activations (basic cycle length ϭ 200 ms) in this study were simulated in the absence of sinus rhythm. Focal activations that occur at a faster frequency than the sinus rhythm may give rise to wavefront breakthroughs that interact with the sinus beat, whereas focal activations that occur at a slower frequency may be masked by the sinus beat. Future studies will investigate the both the effect of coupling interval and action potential duration on the pattern of wavefront breakthrough in the presence and absence of sinus rhythm.
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